During natural schistosome infection, the induction of T helper type 2 (Th2) responses has been ascribed to parasite eggs, because exposure of the host to this life-cycle stage elicits a polarized Th2 response to egg antigens. In the present study, we show that schistosome worms also elicit systemic, antigen-specific type 2 responses during prepatent infection, before egg deposition begins. CD4 + T cells producing interleukin (IL)-4 were induced by both male and female worms during single-sex infections, demonstrating that this response is independent of exposure to eggs. The Th2 response was accompanied by production of immunoglobulin E and the sensitization of circulating basophils to produce additional IL-4 in response to schistosome antigens. Together, our data show that schistosome worms establish an immunologic milieu where CD4 + T cells and basophils are both primed to produce IL-4 before eggs are laid, suggesting that worms play a role in establishment of the Th2 response that is critical for host survival and parasite transmission.
Blood flukes of the genus Schistosoma infect 1200 million people globally, causing significant morbidity and mortality. As is the case with other helminths, schistosome infection ultimately results in establishment of a CD4 + T helper type 2 (Th2) response, both in human patients [1] and in laboratory animal models [2] . This response is characterized by production of immunoglobulin E (IgE) and eosinophilia, driven by the type 2 cytokines interleukin (IL)-4 [3] and IL-5 [4] , respectively. Schistosome eggs are an important stimulus for type 2 responses during schistosome infection, because the onset of egg laying at 5-6 weeks after infection is accompanied by a robust Th2 response to egg antigens [5] that is critical for formation of granulomas around the eggs [6] . Indeed, schistosome eggs and egg antigens are potent, autonomous inducers of Th2 responses, even in the absence of schistosome worms, because Th2 responses are readily induced when intact eggs [7, 8] or egg antigen-pulsed dendritic cells [9] are introduced into naive animals. Ironically, egg-induced Th2 responses are an immunologic double-edged sword, participating in protection of host tissues from egg-induced injury [10] and in the development of the egg-induced pathology and fibrosis associated with chronic schistosome infection [11] .
In contrast to schistosome eggs, the contribution of schistosome worms to the induction of adaptive responses and the subsequent development of pathology has received less consideration. Immune responses induced by schistosome worms are of biomedical significance for 3 reasons. First, acquired immunity to schistosome worms that results in reduced parasite burdens can be demonstrated in naturally exposed human subjects [12] and laboratory animal models of vaccineinduced immunity [13] . Although the mechanisms by which protection is mediated under these different circumstances are debated [12, 14] , these observations suggest that induction of protective responses to schistosome worms, perhaps through vaccination, may be a feasible approach to controlling schistosomiasis [12] . Second, although schistosome eggs can induce Th2 re-sponses independently of schistosome worms [7] , naturally infected hosts are exposed to schistosome worms first, well before eggs are produced, providing ample opportunity for establishment and modulation of responses to cross-reactive antigenic epitopes that are common to both worms and eggs [15] [16] [17] [18] [19] . Indeed, there is evidence that worm-induced responses during prepatent infection do influence the subsequent response to eggs and can significantly alter egg-induced immunopathology [18, 20, 21] . Finally, we and others have provided evidence that the activities of CD4 + T cells during prepatent infection promote the development and reproductive fitness of schistosome worms [22, 23] . Together, these observations suggest that CD4 + T cell responses to schistosome worms have both positive and negative effects on the establishment of schistosome infection and the subsequent course of disease. This intimate relationship is presumably a reflection of extensive host-parasite coevolution, resulting in a relationship where schistosomes induce CD4 + T cell responses that facilitate establishment of infection while simultaneously avoiding excessive pathological damage to the host. An understanding of the CD4 + T cell responses induced by schistosome worms is therefore a prerequisite to identifying immune responses that can be modified to the benefit of the host and the detriment of the parasite.
In contrast to eggs, exposure to schistosome worms during the prepatent phase of infection was shown to induce modest production of interferon (IFN)-g by CD4 + T cells [5, 8] , leading to the conclusion that, unlike other helminths, schistosome worms induce an initial T helper type 1 (Th1) response that is subsequently down-modulated and replaced by an egg-induced T helper type 2 (Th2) response when egg deposition begins [24, 25] . However, there are reasons to suspect that responses to schistosome worms during prepatent infection are more complex. First, there is evidence of both circulating eosinophilia [26] and increased eosinopoiesis [27] during the first weeks of infection, responses typically mediated by the Th2 cytokine IL-5 [4] . Second, analyses of cutaneous responses to cercariae suggest that invading schistosome larvae stimulate a mixed T helper response in the skin, with evidence of both Th1 and Th2 polarization at the site of infection [28, 29] .
In light of these findings, we tested the hypothesis that schistosome worms induce systemic type 2 responses before the onset of egg-laying, resulting in the development of worm antigen-specific IL-4-producing CD4 + T cells and IgE. Our data show that both these hallmarks of Th2 responses are readily detectable during prepatent infection, to the extent that basophils become sensitized to produce IL-4 in response to worm antigens well in advance of egg deposition. These data provide fresh insights into the phenotype of CD4 + T cell responses to schistosome worms during natural infection and have implications for understanding the role of worm-induced responses in the subsequent pathogenesis of egg-induced disease.
MATERIALS AND METHODS

Animals and parasites.
Wild-type C57BL/6 and C57BL/6 major histocompatibility complex class II-deficient (MHC II Ϫ/Ϫ ) mice were purchased from the National Cancer Institute and Taconic, respectively, and were maintained in a specific pathogen-free environment. Mixed male and female cercariae of Schistosoma mansoni (Puerto Rican strain) were obtained from infected Biomphalaria glabrata snails provided by Fred Lewis (BRI). To obtain separate male and female cercariae, individual B. glabrata snails were exposed to single miracidia and tested for cercarial production 4-6 weeks later. Mice were infected by immersion of the tail for 40 min in water containing 35-150 S. mansoni cercariae, depending on the experiment, and were killed 1-8 weeks later. For preparation of schistosome worm antigen (SWAP), adult S. mansoni were perfused from the portal veins of infected mice and homogenized in phosphate-buffered saline on ice. Insoluble material was removed by centrifugation at 16,100 g for 30 min at 4ЊC, and the resulting supernatant was stored at Ϫ80ЊC, after filter sterilization and determination of protein concentration by Bradford assay. In all experiments, experimental groups of mice were exposed at the same time to parasites from the same cercarial pool. All studies involving mice were performed in accordance with protocols approved by the institutional animal care and use committee of the Uniformed Services University of the Health Sciences and included 5-10 mice in each group. CD4 + T cell isolation and quantification of cytokine production. Single-cell suspensions of leukocytes were prepared from the spleens and livers of mice by dissociating tissues through nylon cell strainers and lysing erythrocytes with ACK lysing buffer (BioWhittaker). For livers, hepatocytes were also removed by Percoll density gradient centrifugation. CD4 + T cells were isolated using magnetic anti-CD4 microbeads and magnetically activated cell sorting separation columns (Miltenyi Biotech), in accordance with the instructions provided by the manufacturer, and they were cultured at a final concentration of cells/mL. Antigen-presenting cells (APCs) were then 6 1 ϫ 10 added to the cocultures at a ratio of 1 APC:10 T cells. Either irradiated syngeneic spleen cells or splenic dendritic cells isolated using magnetic anti-CD11c microbeads from noninfected mice were used as APCs. SWAP was added at a final concentration of 50 mg/mL, whereas positive and negative control cultures received 1 mg/mL anti-CD3 antibody or no antigen, respectively. After incubation in 5% carbon dioxide at 37ЊC for 72 h, supernatants were collected, and the concentrations of IFN-g, IL-4, and IL-10 were determined by sandwich enzymelinked immunosorbent assay (ELISA; BD Biosciences), in accordance with the manufacturer's recommendations.
Determination of plasma IgE concentrations. For plasma isolation, blood was obtained by cardiac puncture at the time that euthanasia was done, collected into heparinized tubes, and centrifuged at 3300 g to remove cells. The plasma concentrations of total IgE were then determined using a sandwich ELISA kit (BD Biosciences), in accordance with the manufacturer's instructions.
Basophil activation assay. Basophil activation was analyzed as described elsewhere [30] . In brief, 100 mL of whole blood was collected from each mouse and incubated in the presence of medium alone, SWAP (20 mg/mL), or anti-mouse IgE (0.125 mg/mL). Monensin (BD GolgiStop protein transport inhibitor; BD Biosciences) was added after 1 h of incubation, and the tubes were incubated for 2 more hours. Cells were washed, lysed with Immuno-Lyse (Beckman Coulter), and immediately fixed. After 1 h of incubation in 1% bovine serum albumin/phosphate-buffered saline, cells were stained with antibodies to surface markers (anti-IgE fluorescein isothiocyanate, anti-CD4 peridinin chlorophyll A protein, and anti-B220 peridinin chlorophyll A protein [BD Biosciences]). Permeabilization was then performed with BD Perm/Wash buffer (BD Biosciences). Finally, the cells were stained with APC-conjugated anti-mouse IL-4 (BD-Pharmingen) and analyzed using an LSR II Optical Bench flow cytometer and Diva software (BD Biosciences). Basophils were identified by the presence of membrane-bound IgE and cell surface CD200R, together with the absence of CD4 and B220 [30] . The cutoff gate for IL-4-APC positivity was established using the fluorescence-minusone (FMO) technique [31] . All antibodies were individually titrated before use, to determine the optimal working concentration for the assay [30] .
Statistical analyses. Because unequal variances between experimental groups were frequently encountered in some experiments, stringent nonparametric tests were used in all experiments to test the significance of differences between experimental groups. For comparison of 2 groups, significance was tested using Mann-Whitney tests, and for experiments involving у3 groups, the significance of differences was tested using Kruskal-Wallis tests followed by Dunn's multiple comparison tests. Statistical analyses were performed using Prism software (version 4.0; GraphPad).
was considered to P ! .05 denote statistical significance. Data are expressed as the mean value ‫ע‬ standard error (SE). All data are representative of у2 independent experiments.
RESULTS
Induction of IL-4-producing CD4
+ T cells by prepatent schistosome infection. To examine the pattern of cytokine production by CD4 + T cells during prepatent schistosome infection, wild-type mice were infected with either a low (35 cercariae per mouse) or a high (150 cercariae per mouse) dose of parasites, and CD4 + T cells were isolated from spleens and livers at 4 weeks after infection, a time point that is 1-2 weeks before the usual onset of egg laying. CD4 + T cells were then restimulated in vitro with SWAP and APCs, and cytokines secreted into the culture supernatants were quantified using ELISAs. Consistent with studies reported elsewhere [8] , splenic CD4 + T cells produced IFN-g in response to SWAP ( Figure 1A and 1B), and this response was more pronounced in heavily infected mice ( Figure 1B) . Likewise, hepatic CD4 + T cells, isolated from the site of antigen deposition during prepatent infection, produced modest levels of IFN-g in response to SWAP, and production was similar irrespective of intensity of infection ( Figure 1A and 1B) . However, CD4 + T cells from infected mice also produced IL-4 ( Figure 1C and 1D ) and IL-10 ( Figure 1E and 1F) in response to SWAP. Production of IL-4 and IL-10 by hepatic CD4 + T cells was more pronounced in animals exposed to low doses of cercariae ( Figure 1C and 1E) , and production of IL-10 by splenic CD4 + T cells was highest in heavily infected mice ( Figure 1F) . Thus, CD4
+ T cells produce IL-4 ( Figure 1C and 1D ) and IL-10 ( Figure 1E and 1F) in addition to IFN-g during prepatent schistosome infection, suggesting that there is a Th2 and/or regulatory component to the CD4 + T cell response to schistosome worms before the onset of egg deposition. Furthermore, this Th2/regulatory response is more apparent when mice harbor lighter infections ( Figure  1C and 1E) .
Egg-independent induction of worm antigen-specific IL-4-producing CD4 + T cells. Detection of IL-4 production by CD4 + T cells in response to SWAP at 4 weeks after infection suggested that a Th2 response is elicited by schistosome worms during prepatent infection. However, because schistosome eggs are potent and independent inducers of Th2 responses [7] , it was possible that unexpectedly early onset of undetected oviposition, rather than exposure to worms, might cause initial skewing of concomitant CD4 + T cell responses to worm antigens toward type 2 responses. To confirm that worms were the life-cycle stage inducing IL-4-producing CD4 + T cells, we examined CD4 + T cells from mice infected with only male or female worms, thus precluding any possibility that the animals were exposed to eggs. Infection with either male or female worms alone induced significant antigen-specific IL-4 production by splenic ( Figure 2A ) and hepatic ( Figure 2B ) CD4 + T cells by 4 weeks after infection. Thus, both male and female worms, in the absence of eggs, are independently sufficient for induction of IL-4-producing CD4 + T cells. Specific sensitization of basophils to worm antigens during prepatent schistosome infection. An important effector function of IL-4 is to stimulate germ-line transcription of the immunoglobulin e heavy chain, leading to induction of B cell isotype switching and promotion of IgE production [3, 32, 33] . We therefore hypothesized that if physiologically relevant quantities of IL-4 were produced during prepatent schistosome infection, this response would be accompanied by significant IgE production. Consistent with this hypothesis, examination of + T cells isolated from mice infected with 100 female, male, or mixed-sex cercariae 4 weeks previously were determined as outlined in Figure 1 . Isolated CD4 + T cells were cocultured with dendritic cells in the presence or absence of soluble worm antigen preparation (SWAP). Five mice were included in each group. Data are representative of 2 independent experiments. The significance of all differences was tested using Kruskal-Wallis tests, followed by Dunn's multiple comparison posttests. Ag, antigen; conc., concentration.
plasma from infected wild-type mice at weekly intervals revealed an ∼10-fold increase in concentrations of circulating IgE by 4 weeks after infection ( Figure 3A ).
Next, we tested whether this IgE response resulted in production of antigen-specific IgE that licensed basophils expressing the high-affinity IgE receptor FceRI to respond to worm antigens. Using a flow cytometric assay, the accumulation of intracytoplasmic IL-4 in basophils from infected mice was assessed at the time of in vitro stimulation with worm antigens. To control for potential nonspecific interactions between schistosome antigens, IgE, and basophils [34] , we also analyzed basophils from naive and infected MHC II Ϫ/Ϫ mice, which express constitutively high levels of natural IgE ( Figure 3A ) [35] but cannot mount antigen-specific IgE responses because of ablation of CD4 + T cell help for humoral responses [36] . Figure  3C shows the response to stimulation with SWAP among basophils from a representative wild-type mouse that had been infected for 4 weeks. Even without stimulation, ∼5% of the basophils from wild-type mice that had been infected for 4 weeks spontaneously produced IL-4, whereas basophils from noninfected wild-type mice did not ( Figure 3D ). When basophils from infected mice had brief in vitro exposure to SWAP, a significant increase in the number of IL-4-producing cells was induced ( Figure 3D ), whereas basophils from noninfected control mice were uniformly nonresponsive to SWAP ( Figure  3D ). Basophils from infected wild-type mice also responded more robustly to activation with a cross-linking anti-IgE antibody than did basophils from noninfected control mice (Figure 3D) . These data show that prepatent schistosome infection licenses basophils to respond to worm antigens, presumably by inducing antigen-specific IgE, and induces a generalized increase in basophil sensitivity to IgE receptor-mediated activation. In contrast, basophils from MHC II Ϫ/Ϫ mice were not responsive to schistosome worm antigens, regardless of whether they were isolated from noninfected mice ( Figure 3E ) or infected mice ( Figure 3E ), suggesting that abundant, nonspecific natural IgE was not sufficient for basophil sensitization to schistosome worm antigens. There was no intrinsic defect in the competency of MHC II Ϫ/-basophils to produce IL-4 in response to IgE cross-linking, because their responses to anti-IgE were similar to those of basophils from naive wild-type mice ( Figure  3D and 3E). However, there was no evidence for increased sensitivity to IgE cross-linking in response to prepatent infection ( Figure 3E ). Taken together, these data argue that prepatent schistosome infection sensitizes basophils to respond to worm antigens, most likely through induction of antigen-specific IgE responses.
DISCUSSION
Pivotal studies by Pearce, Grzych, and colleagues [5, 8] uncovered the central importance of schistosome eggs in the induction of highly polarized type 2 CD4 + T cell responses during schistosome infection. Other studies have since uncovered the critical role of Th2 responses during acute schistosome infection. For example, mice with defects in IL-4 production [10, 37] or IL-4 receptor signal transduction [38] succumb to schis- tosome infection soon after the onset of oviposition, because IL-4 plays an essential role in regulating inflammatory processes initiated by eggs [10, 38, 39] . Macrophages appear to be the critical targets of IL-4 in this regard, because specific loss of IL-4 receptor expression on macrophages alone still results in mortality during acute infection, because of the inability of macrophages to acquire an alternatively activated phenotype when deprived of IL-4 and IL-13 signals [38] . Complete deficiency of IL-4/IL-13 signaling results in profound defects in the formation of granulomas around eggs [6, 40] , illustrating the central role of type 2 cytokines in orchestrating the cellular response to schistosome eggs. Ironically, Th2 responses and alternative activation of macrophages are also of benefit to the parasite. These responses not only increase the likelihood of parasite transmission by prolonging host survival, but they also facilitate transit of schistosome eggs across the bowel wall and into the feces [38] . Given the central importance of Th2 responses to both host and parasite, it is therefore perhaps not surprising that schistosomes and their hosts have evolved redundant mechanisms for the induction of Th2 responses in the face of a schistosome infection. Although previously attributed only to schistosome eggs, our data clearly show that worms also induce expression of type 2 cytokines by host CD4 + T cells, both systemically and at the site of worm antigen deposition in the liver.
One of the primary functions of Th2 responses is to direct synthesis of IgE, thus sensitizing cells expressing FceRI, such as basophils, and licensing them to perform critical effector functions in response to foreign antigens [41] . That schistosome worms induce physiologically significant type 2 responses during prepatent infection is made evident by the increase in plasma concentrations of IgE and subsequent licensing of basophils to produce IL-4 in response to worm antigens. Previous studies have suggested a role for basophils in amplifying type 2 responses, by directing further Th2 differentiation of CD4 + T cells [42] and stimulating IgE synthesis by B cells [43] . Another recent study provided evidence that basophils significantly augment the effector mechanisms of type 2 responses by promoting eosinophilia and differentiation of alternatively activated macrophages [44] . Before the onset of egg production, schistosome worms therefore establish an immunologic environment that is primed for the amplification of type 2 responses to parasite antigens. Considering the importance of type 2 responses both to host survival and parasite transmission, this immune priming may represent an adaptation on the part of the parasite to ensure that the subsequent response to schistosome eggs adopts a type 2 phenotype. This redundancy in Th2-inducing mechanisms may be particularly relevant in schistosome infection in humans, in whom type 2 polarization of CD4 + T cell responses to schistosome eggs is less predictable than it is in genetically inbred mice [45] .
For schistosome worms to significantly modulate the subsequent response to eggs, there would need to be antigenic cross-reactivity between these 2 life-cycle stages. The first classic study of cross-reacting antigens by Warren and Domingo [46] suggested that preexisting responses to worm antigens did not significantly alter responses to eggs. However, several morerecent studies have provided evidence for significant priming of anti-egg responses by worm antigens. Lukacs and Boros [18] found that prepatent infection with S. mansoni primed granuloma formation in response to injected eggs, and studies by Cheever et al [20] and Leptak and McKerrow [21] produced similar results by priming with single-sex S. mansoni infections. A similar priming effect by worms has also been found with S. japonicum [47] . The data we present in this study suggest that priming of anti-egg type 2 responses may occur at 2 levels-by induction of CD4 + T cells producing IL-4 with specificity for schistosome antigens and by priming basophils to produce IL-4 in response to worm antigens. Of these 2 sources of IL-4, basophils may be the most significant, because studies comparing the ability of these 2 populations to release IL-4 indicate that basophils produce this cytokine in greater amounts, at a higher frequency, and in response to lower levels of antigen than do CD4 + T cells [48] . Basophils may therefore play a role in initiating Th2 responses to eggs during natural infection, by releasing IL-4 that directly promotes Th2 cell differentiation [49] and stimulates the Th2 priming capacity of dendritic cells [50] .
In summary, our data suggest that, during natural schistosome infection, when eggs are produced at 5-6 weeks after infection, they are introduced into an environment where CD4 + T cells and basophils are already primed to produce IL-4 in response to schistosome antigens. These findings argue for a reappraisal of the mechanisms by which type 2 responses are initiated during schistosomiasis.
